The levels of two subunits of chloroplast ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco), total soluble proteins, carbon and leaf nitrogen content, and photosynthetic pigments in various plants (avocado, oak, olive, and strawberry) grown in vitro and ex vitro were analysed. Compared to ex vitro grown plants, micropropagated avocado, oak, and strawberry showed a markable decrease in large subunit Rubisco. However, the small subunit only decreased in strawberry and oak. Contrary to this, olive did not reveal any difference in the level of either subunit. The C/N ratio increased significantly in in vitro grown plants, except in the case of olive, where an opposite behaviour was found. Leaf chlorophyll concentration on unit mass basis was higher in all the in vitro plants than in those of greenhouse-grown plants. Only avocado plantlets showed a statistically significant decrease in total soluble proteins. Further, overall data suggest that in vitro cultural conditions have a species-specific influence on large and small subunits of Rubisco, independent of the protein, chlorophyll, or nitrogen level.
Introduction
Plant tissue culture has emerged as a powerful technique in plant propagation, particularly in the production of virus-free plants of high-value varieties as well as in genetic transformation studies (Ticha et al. 1998) . As a consequence of very * E-mail corresponding author: Prem@uma.es special cultural conditions during in vitro growth, such as high air humidity, low air turbulance, low irradiance, low CO 2 during photoperiod, presence of high sugar concentrations as carbon source, and phytohormones in the medium, in vitro grown plantlets usually exhibit abnormal morphology, anatomy, and physiology (Desjardins 1995, Kozai and Smith 1995) . In many cases, these special characteristics of in vitro plants complicate the acclimatization to ex vitro conditions. Therefore, the physiology of micropropagated plantlets, in particular the photosynthetic performance during in vitro and ex vitro growth, has been the subject of several investigations (Masmoudi et al. 1999 , Van Huyelenbroeck et al. 2000 .
It is well documented that in vitro grown plantlets exhibit a low capability for inorganic carbon assimilation (caused by low net photosynthesis), low photochemical quenching, relatively low value of variable over maximal fluorescence (Fv/ Fm) ratio (an indication of diminished PS II primary photochemistry); these plants also exhibit a higher capability of non-photochemical quenching (Van Huyelenbroeck and Debergh 1996) . This behaviour has been related to the presence of sugars in the medium as carbon source, although in some cases this presence enhanced photosynthetic performance (Galzy and Compan 1992 , Kovtun and Daie 1995 , Ticha et al. 1998 . The success of subsequent acclimatization after a period of in vitro growth is mainly dependent on nutrients reserved in the leaves developed in vitro. Among the various photosynthtic enzymes, ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco, EC 4.1.1.39) has deserved much attention since it performs a dual role, as a catalyst in carboxylation of CO 2 , and as a major storage protein, being 40 -80 % of the total soluble leaf proteins (Huffaker 1982) . Both roles could be important in overcoming the critical acclimatization phase when the heterotrophic behaviour of the in vitro plants is shifted to an autotrophic functioning. To the best of our knowledge, only a few studies have been devoted to elucidating the effect of in vitro tissue culture conditions on the amount of this key enzyme. In this work, we analyse the level of Rubisco in various species grown in vitro, and we compare this content with acclimatized plants. The results obtained are discussed in relation to the carbon and nitrogen levels present in the tissue.
Materials and Methods

Plant material and culture conditions
In vitro and greenhouse grown plants of avocado (Persea americana Mill.), a cv. Gvaram 13 seedling, oak (Quercus ruber) NL100 clone, olive (Olea europaea), a cv. Manzanillo seedling, and strawberry (Fragaria × ananassa Duch.) cv. Chandler, were used as plant material. For micropropagation, the following culture media were employed: N 45 K mineral formulation supplemented with 4.4 µmol/L benzyladenine (BA) for avocado (De la Viña et al. 1999) ; DKW (Driver and Kuniyuki 1984) or GD (Gresshoff and Doy 1972) mineral formulations supplemented with 4.4 µmol/L BA and 0.05 µmol/L indolebutyric acid (IBA) for oak (Simón-Perez et al. 1996) ; OM mineral formulation (Rugini 1984) supplemented with 18.2 µmol/L zeatin for olive; and N 30 K mineral formulation supplemented with 2.21 µmol/L kinetin for strawberry (Barceló et al. 1998 ). In the case of oak, the leaves from juvenile (derived from basal sprouts of the tree NL100) and adult materials (derived apical shoots of the same tree) were used for electrophoretic profile analysis. In all cases, media were supplemented with 30 g L -1 sucrose, except in the case of strawberry (20 g L ) and photoperiod. After several months of growth under greenhouse conditions, these plants were used as the source for ex vitro leaves. Leaves from the upper half of the plants were collected after four months of transfer to ex vitro conditions, and other sampling details were exactly similar to those of in vitro samples.
SDS-PAGE
The whole leaf proteins were extracted on ice homogenizing 250 mg of leaf tissue with 3 mL of Urea-SDS lysis buffer (4 mol/L urea, 6.25 mmol/L Tris-HCl, pH 6.0, 2 % SDS, 2 % β-mercaptoethanol), followed by trichloroacetic acid (10 % final concentration) precipitation of the proteins after filtering through single layer Miracloth (Calbiochem, USA), centrifugation, and rinsing the pellets repeatedly with pre-chilled acetone until they turned colourless. The proteins were then solubilised in 2 % (W/V) SDS and quantified according to Bradford (1976) with bovine serum albumin (Sigma) as standard protein.
Proteins were separated by SDS-PAGE with the Laemmli (1970) buffer system using a vertical slab gel (1.5 mm thick, Biorad Mini Protean II) with 4 % stacking and 12 % resolving gel. Extracted samples were incubated with sample buffer (250 mmol/L Tris-HCl, pH 6.8, 4 % SDS, 10 % β-mercaptoethanol, 20 % glycerol, and 0.03 % bromophenolblue) at 100˚C for 2 min before being loaded onto the gel. Each lane was loaded with equal amounts of protein (15 µg). After electrophoresis, proteins were visualised by staining the gels with Coomassie Brilliant blue-R 250 in 40 % methanol and 10 % acetic acid. The protein profiles of various plantlets were confirmed by three separate extractions and gels. Only a representative gel is shown in results. Two different gels were presented for oak plants in Figure 1 for clarity reason though the electrophorectic profiles in vitro and ex vitro grown oak samples were similar in a singel gel (data not presented). However, densitometric scans for oak plants were made using a single gel having all the in vitro (grown in DKW and GD media) and ex vitro samples to avoid discrepancies.
The relative band intensities of each protein were analysed densitometrically by computer-assisted program (area scan method using the Scion Image Program ported from NIH image by Scion Corporation, USA).
Carbon and nitrogen determination
Leaf material was dried at 90˚C for three days and finely powdered. Carbon and nitrogen content of samples were estimated using a Perkin Elmer 2400 CHN elemental analyser.
Leaf soluble proteins and pigment quantification
The total soluble proteins were extracted adopting the method described by . After pulverizing in liquid nitrogen, the leaf tissue was homogenised in 2 mL of extraction buffer (50 mmol/L Tris-HCl pH 8.6, 20 mmol/L KCl, 10 mmol/L MgCl 2 , and 1.5 % (w/v) PVP), and the protein concentration was determined according to Bradford (1976) after centrifuging the homogenate at 13,000 g for 15 min.
The photosynthetic pigments in leaves were extracted in 80 % acetone and centrifuged twice at 5000 g for 15 min. The concentrations of chlorophylls and carotenoids were determined spectrophotometrically and calculated per unit fresh mass basis using the equations of Lichtenthaler and Wellburn (1983) .
Data analysis
In all the cases, three independent extractions were performed. Significant differences between in vitro and ex vitro cultural conditions for each of the components analysed were determined by Student's t-test at the 5 % level.
Results
Rubisco content and electrophoretic profiles
The electrophoretic profiles of total soluble leaf proteins extracted from various plantlets grown in vitro and ex vitro clearly indicate that in vitro culture had quantitative and qualitative influences on several polypeptides (Fig. 1 ). In relation to Rubisco level, content was lower in in vitro grown plants, except in olive where both subunits were slightly affected (Fig. 2) . Densitometric analysis of the gels showed a relative decrease in LSU in the range of 33 to 57 % of in vitro com- pared to ex vitro grown oak, avocado, and strawberry, and a decrease of 34 to 65 % for SSU in oak and strawberry. No statistically significant decrease of the SSU was observed in olive and avocado.
In relation to the levels of other polypeptides present in in vitro plants, species specific changes were found. In the case of strawberry, a pronounced reduction was noticed in almost all proteins, except 18 and 24 kDa polypeptides. In avocado, some of the proteins were lower (in the range from 44 to 50 kDa), higher (32, 35 and 79 kDa), and unaffected (all low molecular mass proteins). In olive, a protein with an apparent molecular mass of 38 kDa was detected only in in vitro plantlets, and surprisingly, its level was much higher than LSU of Rubisco. The same protein was also seen in in vitro grown olive cultivar Picual seedling (data not shown). Finally, the content of proteins with 50 and 52 kDa were relatively decreased in adult oak but increased in juvenile material in DKW media. The culture medium had little effect on the electrophoretic profile, some proteins with molecular mass 34, 23, and 11 kDa proteins being slightly reduced in oak grown in GD medium. These changes were more obvious in adult than in juvenile oak.
Leaf C and N contents
In C and N contents as well as C/N ratios in leaves from in vitro and acclimated plants, no general trend was observed when the different species are compared (Table 1) . Thus, C level was affected only in oak. By contrast, leaf N was unaffected in avocado and strawberry, decreased in in vitro oak, and increased in in vitro olive. As a result of these changes, the C/N ratios were significantly higher in plants grown in vitro, except for the case of olive, where the opposite result was observed (Table 1) .
Total soluble proteins and photosynthetic pigments
The content of total leaf soluble proteins was not affected by the in vitro growth conditions, except in micropropagated avocado, where the content was significantly decreased (Table2). Compared to greenhouse grown plants, in vitro avocado and oak showed a significant increase in chlorophyll a and b ( Table 2 ). The level of pigments in in vitro olive and strawberry were also slightly higher, although no significant differences were found. In micropropagated strawberry and oak, the extent of increase was higher in chl b than chl a. As result of these changes, the chlorophyll a/b ratios were higher in plantlets of in vitro origin. In relation to the carotenoid content, a significant increase in this pigment was found only in micropropagated avocado.
Discussion
In vitro tissue culture exerted a significant influence on polypeptide profiles, as previously found by other authors (Laukkanen and Sarjala 1997). Among these, the most prominent was observed in olive, where a 38 kDa protein at level even higher than the Rubisco large subunit. The origin of this polypeptide is unknown at present. The results obtained with oak plants showed ontogenetic stage (juvenile vs. adult), and the compositions of the media also influenced polypeptide profiles. However, these changes were minor when compared with the differences between in vitro and ex vitro grown plants.
In spite of these changes, the primary focus of this study is Rubisco subunits. The appearance of reduced level of catalytic large subunit of Rubisco in plantlets grown in vitro has already been reported. Similar to our results, Chrysanthemum, Spathiphyllum, coconut, and oil palm plantlets showed reduced levels of Rubisco content when grown on media with 3 % sucrose (Watanabe et al. 1990 , Tanaka et al. 1991 ). However, not all the micropropagated plantlets showed similar effects, as in the case of olive. Moreover in vitro culture conditions exerted a differential influence on two Rubisco subunits, and such changes were species-dependent. This may suggest a differential sensitivity of the nuclear and chloropastidic genomes to the in vitro conditions, at least in the case of strawberry and avocado.
Different stress conditions have been correlated with decrements of Rubisco content, e.g. oxidative stress (Mehta et al. 1992) , high doses of light and oxygen, or the herbicide methyl viologen (Mitsuhasi et al. 1992 , Desimone et al. 1996 , ozone fumigation (Fontaine et al. 1999) , and nutritional deficiencies (Esquível et al. 2000) . On the other hand, studies of various processes, namely CO 2 -enrichment, chilling stress, and applications of exogenous N in diverse plants, have demonstrated a relationship between foliar N concentration and Rubisco content (Ekman et al. 1989 , García-Sánchez et al. 1993 , Mercado et al. 1997 , Theobald et al. 1998 , Ramalho et al. 1999 , Harmens et al. 2000 , Makino et al. 2000 . According to our results, this relationship does not necessarily exist in all plant species since it was only in oak that a significant decrement in nitrogen content was correlated with a decrease in Rubisco levels. Other studies indicate that Rubisco levels may be related to the carbon -nitrogen balance rather than solely to the nitrogen content. Sims et al. (1998) suggested that the decreased synthesis of Rubisco during growth under elevated CO 2 may primarily be due to increased carbohydrates content and not the result of low N supply. Reid et al. (1998) also found a negative correlation between the contents of Rubisco and leaf N in soybean during the reproductive phase when grown under elevated CO 2 . In these two cases, a high C/N ratio is expected in the material analysed, just as we found in all the in vitro plantlets that displayed a decreased level of Rubisco. However, a generalization can not be ruled out because in olive no significant changes in Rubisco levels occurred in spite of a higher C/N ratio in ex vitro material. The higher nitrogen content found in micropropagated plants of this species was likely due to the high glutamine content of the OM medium.
Finally, it is evident when comparing the total soluble protein contents in in vitro and ex vitro leaves that the decrease in Rubisco content is not directly related to a lower content of total soluble proteins, as generally expected. This may indicate that in vitro growth conditions specifically affect the turnover rates of both subunits.
Various studies have shown that a decreased Rubisco content was paralleled by a corresponding decrement in leaf chlorophyll concentration (Centritto and Jarvis 1999, Oksanen and Saleem 1999) . This is not the case in the present study: All the in vitro plantlets displayed higher pigment contents in a fresh mass basis than did the corresponding in vivo mature leaves. Although Amâncio et al. (1999) and Van Huylenboreck et al. (2000) found a significant rise in chlorophylls in ex vitro leaves after transplantation, several micropropagation earlier studies showed an increased quantity of chlorophyll in in vitro grown leaves (Aoyagi and Bassham 1986 , Kumar et al. 1988 , Lee et al. 1988 . In general, the fact that in vitro leaves resemble shade leaves in several aspects (Chaves 1994) , the presence of exogenous carbohydrates (Sunitibala et al. 1998 , Ticha et al. 1998 , and the classical effect of exogenous cytokinins on chlorophyll content (Pospíšilová et al. 1993 ) could explain the increased chlorophyll.
In conclusion, in vitro tissue culture conditions decreased Rubisco content in a specific way in most of the species analysed. This decrement seems to be related more to alterations of the C/N balances than to decrements in the nitrogen level or photosynthetic components. Assessment of the role of this enzyme as nutrient storage during the acclimatization phases of in vitro plants is currently under way.
